The paper presents the basic principles of hybrid systems. It gives a rough approximation of factors that can affect the efficiency of a hybrid system. A Short comparison between hydraulic, mechanic and electric energy storing system is presented.
Introduction
In mobile working machines the loading of the combustion engine is often not constant during the working cycle. Maximum power is in many cases needed only for short periods. Normally the combustion engine must be dimensioned according to the maximum peak power, which leads to oversized engines compared to the average power during the working cycle and to low efficiency, because the engine is running most of the time on part load. In the past it has not been a problem to increase the engine size, but the tightening of engine exhaust regulations like Euro/TIER and increased fuel cost will force the equipment manufacturer to search for new solutions.
During movements kinetic energy is charged in the vehicle and it is normally extinguished and wasted in the brakes, causing wear and thermal loading. More sophisticated transmissions, like Continuously Variable Transmissions (CVT) [1] , hydrostatic, or electrical transmissions are able to transmit the braking energy back to the combustion engine. Unfortunately the braking capacity of the new low emission diesel engines is limited. In some applications, like in city busses or package delivery or garbage vehicles, in which the amount of braking energy is sufficient; energy recuperation systems have been tested and are in use.
By lifting of a load, potential energy is accumulated in the own mass of the lifting equipment. In a traditional hydraulic system, when the equipment is lowered, this energy is lost in the return notch of the control valve. Balancing systems can be used to compensate the dead weight. There are also proposals how the returning energy could be recovered.
In most of the studies only one of these three possible energy storing sources has been considered and the energy recuperation systems have been individually developed.
Hybrid systems
In the past years a lot of effort has been focused to the development of hybrid drives. Car industry has already taken hybrid solutions in mass production, in order to reduce fuel consumption.
In the branch of mobile working machines many studies and investigations have been carried out, regarding the possibility to use hybrid technology.
By side of energy saving one interesting chance for mobile working machines is the possibility to reduce the engine size.
Traditionally the engine has to be dimensioned according to the peak power of the machine. In many mobile machines there is a big difference between required average and peak power. Figure 1 show the so called Y-working cycle for a wheel loader, for filling a lorry C from a pile B. And figure 2 the correspondent power demand from the engine during this cycle.
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On the other hand electric energy transfer can be dangerous in mobile machines which are working in rough environment. For example 60 kW means 600 V and 100 A or 100 V and 600 A. Cable breaks or damaged cable isolations can cause far bigger problems than hydraulic hose breaks.
Hydraulic accumulators have been used several decades in mobile working machines. Security standards have been developed on a high level and security devices are well known and available.
In mobile working machines the required power is typically changing extremely during the working cycles and those are typically short. Due to the good power density hydraulic accumulators are suitable to compensate rapid power peaks.
The energy storing capacity of a hydraulic accumulator
The Energy capacity of a hydraulic accumulator for an ideal gas can be defined as [5] :
Where;
E is the energy capacity of the accumulator, V 0 is the volume of the accumulator, p min is the minimum pressure p max is the maximum pressure p 0 is the pre charge pressure of the accumulator K is the adiabatic constant for nitrogen.
The figure 8 shows the energy capacity for a 10 Liter accumulator, with a maximum pressure of 350 bar as a function of P min , when the pre charge pressure is 0.9 * P min .
Figure 8: Theoretical energy storing capacity of a 10 L accumulator
In practice the accumulator has to operate on wide temperature range, which limits the theoretical power charging capacity. Hydac's ASP Accumulator Simulation Program is an excellent tool for dimensioning accumulators for hybrid solutions. It is based to real gas characteristics an thermo dynamical processes during loading and unloading.
In praxis a 50 L accumulator with operating pressure range maximum 330 bar and minimum 100 bar is able to store about 360 kJ energy. Figure 9 shows that with 360 kJ energy can be loaded, when a vehicle with weight of 10 ton is braked from a velocity of 36 km/h to 19 km/h. With this stored energy it is possible to lift a load of 3,6 ton in a height of 10 m. 
Conventional hydraulic energy storing systems
In the following some known hydraulic hybrid systems are shown.
Adding an accumulator to a hydraulic system
The easiest possibility to store energy is to add an accumulator to the hydraulic system as shown in figure 10.
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Figure 10: Simple energy storing system
This kind of system is used in a forestry machine application by the company HSM. Where energy is stored in the accumulator and used to accelerate the feeding rolls in a harvester head [6] see figure 11. According to HSM it was possible to reduce 20% fuel consumption with this system.
Figure 11: Serial hybrid system [6]
The main disadvantage for the general use of this kind of system is that the energy from the accumulator can only be used, when the pressure in the accumulator is higher than the load pressure, see figure 12 . The preloading and the minimum operating pressure of the accumulator can of course be chosen so that the accumulator pressure is always higher than the maximum load pressure, but also then the accumulator energy capacity is limited. Also the pressure difference between accumulator and system pressure is lost. Figure 13 shows a hydraulic system, where an extra pump is used to charge and discharge the accumulator. The pump is mechanically driven from the engine and the transmission. It is then able to store braking energy and also energy from the engine, when the engine is not fully loaded.
Using an extra pump
Figure 13: Additional pump/motor unit with accumulator as energy storing unit
This kind of energy storing system has been proposed by the Purdue university research team for the Multi-Actuator Hydraulic Hybrid Machine Systems [6] see figure 14.
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The hydraulic system can be designed as a normal Load Sensing system, where only a pump/motor u accumulator are added.
The function of the pump/motor unit is to control the flow for charging the accumulator and controlling the flow from the accumulator to working hydraulics. It also works as pressure transformer between the accumulator and pressure.
In the system there are also 2/2 the pump/moto disconnect the energy storing system from the working hydraulic system to avoid power loses, when the energy storing system machine. So the high hydraulics volumetric loses of the pump/motor unit.
The valves are workin side valve is opened only accumulator loading is possible. When B side valve is discharged.
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The open loop Load Sensing pump/motor unit pressurized. When there is no flow consumption pump is on Stand By pressure about 20 bar. This is enough to assure pressure and flow for the pump/motor unit.
If there is a parallel need for working hydraulics the L Sensing pump pressure is controlled according to the needed load pressure. In this case the pump/motor unit works as a pressure transformer between the Load Sensing pump and accumulator pressure. of the available fl the accumulator. 
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The valves are workin side valve is opened only accumulator loading is possible. When B side valve is charged.
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If there is a parallel need for working hydraulics the Load Sensing pump pressure is controlled according to the needed load pressure. In this case the pump/motor unit works as a pressure transformer between the Load Sensing pump and unit can use the rest ow capacity of the main pump to charge The amount of the stored energy is controlled with the displacement control of the pump/motor unit.
Energy storing from the engine
When during the working cycles of the machine, there are periods, when the engine power is not fully used, the remaining energy can be stored to the accumulator.
The amount of stored power can be controlled with the displacement control of the pump/motor unit.
Braking energy
Modern driveline designs, like hydrostatic transmissions, or CVT are able to transmit the braking energy from the drive wheels back to the diesel engine. The braking capacity of modern diesel engines is limited, and the braking energy cannot be stored.
With the proposed system the braking energy from the driveline can be stored to the accumulator.
The braking force and power can be controlled by the displacement control of the pump/motor unit.
One big advantage of the braking energy storing system is that the wear and the heating of the vehicle brakes can be reduced.
Energy storing from the hydraulic system
If the hydraulic system is capable to return pressurized flow from the working hydraulic system, the returning oil flow from the main valve block can be restored to the accumulator.
Re-use of stored energy
Stored energy can be used for the working hydraulics.
The pressure level of the hydraulic system is controller with the Load Sensing pressure. With the displacement control of the pump/motor unit the amount of oil that is taken from the accumulator or from the LS-pump can be controlled.
The flow from the accumulator is used via the pump/motor unit to the main hydraulic system. The motor/pump unit transforms the pressure between system and accumulator pressure. When the pressure in the system is higher, than that in the accumulator the closed loop unit works as pump and takes the needed extra power from the engine. When the system pressure is lower, than the one in the accumulator the closed loop unit works as motor and releases energy to the engine, driveline or auxiliary devices. The whole accumulator capacity can then be utilized. Figure 16 shows the usability of the stored energy of a 50 liter accumulator, with a total energy storage capacity of 350 kJ.
Figure 16: Energy usability in the proposed hydraulic hybrid system
If the LS-pump is a unit that can work as a motor (mooring unit) the stored energy can be used for boosting the drive line or for auxiliary units.
Power losses and efficiency
The power losses of the proposed system can be defined as follows:
where:
P l is power loss P idle(p,n) is constant power loss, depending of the pressure and rotation speed.
Q is flow to (or from) the accumulator, p s is system pressure and p a is accumulator pressure.
The main power loss:
, depends only on the flow, which is stored or taken out of the accumulator and the pressure difference between accumulator and system pressure.
This offers a remarkable advantage compared with traditional serial or parallel hybrid systems.
Benefits
The size of the engine can be reduced, because it only needs to deliver the average power, not the max peak power during the working cycle.
The hydraulic system can be designed as a normal Load Sensing system, where the main pump pressure is controlled by the LS pressure.
The flow from the accumulator is used via the pump/motor unit to the hydraulic system. The LS pump size can then be chosen smaller or the working speed of the machine can be increased.
The motor/pump unit controls the flow rate that is stored or taken out from the accumulator.
The main advantages of the system are listed as follows:
• Simple system design • Universally usable for restoring energy • No pressure losses, as in a valve controlled system • Min. energy transformation loses • Flow from the accumulator can be directly used for the working hydraulics: • Smaller main pump can be used • Reduced tank flow: smaller tank can be used • The accumulator energy storing capacity can be used on a wide pressure variation range and the full energy storage capacity of the accumulator can be used.
Outlook and conclusions
Hydraulic hybrid is a good alternative to improve total efficiency and to reduce the size of the engine in a mobile working machine.
In the design of hybrid systems, it is important to reduce energy transforming losses to the minimum.
The proposed new hydraulic hybrid system can fulfill all requirements regarding energy storing from different restorable sources. It is also capable to use the full accumulator capacity. And can minimize energy transformation loses.
The novel system design has only been shown on a principle level. For real system some kind of power management system is needed to control the charging and the discharging functions.
